A novel protein-bound polysaccharide, CFPS-1, isolated from Corbicula fluminea, is composed predominantly of mannose (Man) and glucose (Glc) in a molar ratio of 3.1:12.7. The polysaccharide, with an average molecular weight of about 283 kDa, also contains 10.8% protein. Atomic force microscopy, high-performance liquid chromatography, Fourier transform infrared spectroscopy, gas chromatography/mass spectrometry, and nuclear magnetic resonance spectroscopy analyses revealed that CFPS-1 has a backbone of 1,6-linked and 1,4,6-linked-α-D-Glc, which is terminated with a 1-linked-α-D-Man residue at the O-4 position of 1,4,6-linked-α-D-Glc, in a molar ratio of 3:1:1. Preliminary in vitro bioactivity tests revealed that CFPS-1 effectively and dose-dependently inhibits human breast cancer MCF-7 and MDA-MB-231 cell growth, with an IC 50 of 243 ± 6.79 and 1142 ± 14.84 μg/mL, respectively. In MCF-7, CFPS-1 produced a significant up-regulation of p53, p21, Bax and cleaved caspase-7 and down-regulation of Cdk4, cyclin D1, Bcl-2 and caspase-7. These effects resulted in cell cycle blockade at the S-phase and apoptosis induction. In contrast, in MDA-MB-231, with limited degree of change in cell cycle distribution, CFPS-1 increases the proportion of cells in apoptotic sub-G1 phase executed by down-regulation of Bcl-2 and caspase-7 and up-regulation of Bax and cleaved caspase-7. This study extends our understanding of the anticancer mechanism of C. fluminea protein-bound polysaccharide.
Introduction
The freshwater clam Corbicula fluminea is a popular edible bivalve mollusk in Asia. It has been important in the human diet since ancient times in China because of its delicious taste and nutritional value [1] . We previously reported that a C. fluminea sulfate polysaccharide, CFPS-2, displays marked inhibitory effects on the growth of SKOV3 human ovarian carcinoma cells and SGC7901 human gastric cancer cells [2] . Zhu et al. reported that another bioactive constituents were determined with the Lowry method and HPLC AccQ method, respectively [15, 16] . The tryptophan content was quantified with alkaline hydrolysis and UV detection at 280 nm.
Atomic Force Microscopy (AFM)
Images of CFPS-1 were obtained with AFM, as reported previously [17] . The original CFPS-1 solution (10 mg/mL) was diluted with double-distilled water to final concentrations of 100, 10, and 1 μg/mL. A drop of butanol was added to each diluted CFPS-1 solution, and about 5 μL of diluted solution was spread onto a freshly cleaved mica surface, air-dried overnight, and imaged at room temperature. Tapping mode images were taken with a Nanoscope III digital instrument (Santa Barbara, CA, USA), with all the steps performed at 30%-40% relative humidity and ambient air pressure.
Methylation Analyses
The polysaccharide fraction of CFPS-1 (150 mg) was methylated three times with a previously reported method [18] . The per-O-methylated product showed no OH absorption (3600-3300 cm -1 ) in the IR spectrum, and was then hydrolyzed with 90% formic acid (HCOOH) for 15 h at 100˚C. The hydrolyzed product was concentrated to dryness, and the partially methylated residues were reduced and acetylated. The partially O-methylated alditol acetates were analyzed qualitatively and quantitatively with a GC/MS apparatus (Thermo Finnigan, CA, USA) fitted with an OV1701 capillary column (30m × 0.25 mm internal diameter). The column was first held at 150˚C during injection and then programmed to increase to 250˚C at a rate of 3˚C/min. The methylated sugar linkages were identified by their typical electron impact spectra and relative retention times.
FI-IR and NMR Analyses
The CFPS-1 sample (2 mg) was pressed into a KBr pellet at room temperature. Infrared spectroscopy was performed within the range of 400-4000 cm −1 on a Nicolet 5700 FT-IR spectrometer (Thermo Electron, Madison, WI, USA) and analyzed with OMNIC 7.0 software. For the NMR measurements, CFPS-1 was dissolved in D2O to exchange its active hydrogen and was then lyophilized. This procedure was repeated several times. In total, 40-50 mg of deuterium-exchanged CFPS-1 sample was dissolved in 0.5 mL of D 2 O in an NMR tube to detect the NMR spectra. The NMR spectra ( 1 H NMR and 13 C NMR) were recorded on a Bruker Avance™ 600 spectrometer (600 MHz) at 60˚C.
Cell Lines and Cell Cultures
The human breast cancer cell lines MCF-7 and MDA-MB-231 were purchased from the American Type Culture Collection (Rockville, MD, USA) and grown in minimum essential medium supplemented 10% fetal bovine serum (for MCF-7) or 10% heat-inactivated fetal bovine serum (for MDA-MB-231), 10 mM HEPES, 50 units/mL penicillin, 100 μg/mL gentamicin, 50 μg/mL streptomycin, and 10 μg/mL insulin.
MTS Assay
The cell numbers were quantitated with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2 -(4-sulphophenyl)-2H-tetrazolium (MTS) assay [19] . The MCF-7 and MDA-MB-231 cells were incubated at 37˚C with 5% CO 2 in air. To assess the effects of CFPS-1 on the growth of the breast cancer cell lines, MCF-7 and MDA-MB-231 cells (2. 
Cytotoxicity and Proliferation Inhibition Assays
Two assays were used to evaluate the cytotoxicity and antiproliferative effects of CFPS-1, in which CFPS-1 treatment was applied for 24 h and 72 h, respectively [20] . To avoid the cultures becoming confluent during the CFPS-1 treatments, adequate quantities of exponentially proliferating cells were used to evaluate the cytotoxic effects (4.0 × 10 4 cells/well) and possible antiproliferative effects (2.5 × 10 4 cells/well) of CFPS-1 in 96-well flat-bottom plates. CFPS-1 was added to the wells 24 h after seeding (to maximize the environmental adaptation of the cells) for 24 or 72 h and then removed. The cultures were then maintained for another 24 h before cell viability was quantified. The concentrations of CFPS-1 used were 93, 187, 375, 750, and 1500 μg/mL, with the control groups receiving the extract solution without the extract. Cytotoxicity and proliferation were determined with MTS assay as described above [19] , and expressed as follows [21] :
Proliferation ð%Þ ¼ Absorbance of treated cells Absorbance of control
A minimum of three replications for each sample was used to determine the cells cytotoxicity and proliferation. Inhibitory concentrations of 50% (IC50) for CFPS-1 were calculated using Calcusyn software (Biosoft, Ferguson, MO, USA).
5-Bromo-2-deoxyuridine (BrdU) Assay
The effects of CFPS-1 on DNA synthesis in proliferating cells were assessed by BrdU assay, with a previously reported method [22] . Briefly, the cells were incubated with increasing concentrations of CFPS-1 for 96 h in normal culture medium at 37˚C in a 96-well cell culture plate in a 5% CO 2 humidified incubator. BrdU reagent was added to each well and incubated for 16 h. The medium was removed and BrdU incorporation was measured according to manufacturer's instructions (Roche, Mannheim, Germany). The color intensity in each well was measured at a wavelength of 450 nm.
Determination of Cell-Cycle Phase Distribution
MCF-7 and MDA-MB-231 cells were seeded in 12-well flat-bottom plate at a density of 1 × 10 6 cells/well, and cultured to reach 60%-70% confluence after 6 h. They were then treated with different doses of CFPS-1 (0, 50, 150, or 250 μg/mL) for 24 h. After treatment, the cells were harvested by trypsinization, washed in PBS, and fixed in 70% ethanol. The fixed cells were resuspended in 1 mL of PBS containing 50 mg/mL propidium iodide and 1 mg/ml RNase for at least 30 min. The mixture was then analyzed with flow cytometry (BD FACSVerse™, BD Biosciences, Franklin Lakes, NJ, USA), and the data were analyzed with the ModFit LT ver. 2.0 software [22] . The sub-G1 cell fraction was considered to represent apoptotic cells.
Determination of Cell Apoptosis
The induction of apoptosis by CFPS-1 was assessed in vitro with a terminal-deoxynucleotidyltransferase-mediated dUTP nick end-labeling (TUNEL) assay [23] . MCF-7 and MDA-MB-231 cells were placed in a Falcon eight-chamber culture slide at a density of 3 × 10 5 cells/well, allowed to grow to 60%-70% confluence, and then serum-starved overnight in medium without FBS. The starved cells were exposed to different doses of CFPS-1 (0, 50, 150, or 250 μg/mL) for 24 h and then collected for the analysis of apoptosis with an ApopTag In Situ Apoptosis Detection Kit (Serologicals Corporation, Norcross, GA, USA), according to the manufacturer's instructions. Cell apoptosis was assessed with light microscopy (magnification, × 40). were separated with SDS-polyacrylamide gel (12%) electrophoresis and transferred to Immobilon-P membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 3% nonfat dried milk in PBS, and incubated overnight with primary antibody at 4˚C. The membrane was rinsed three times and incubated with the corresponding HRP-conjugated secondary antibody in PBS with 3% nonfat milk powder for 1 h at room temperature with agitation. The protein bands were visualized with the Phototope-HRP Western Blot Detection System (Cell Signaling, Danvers, MA, USA) and analyzed with the UVP Labworks software (Upland, CA, USA). β-Actin was used as the internal control.
Protein Extraction and Western Blotting Analysis

Statistical Analysis
Data are given as means ± standard deviations. The unpaired Student's t test was used to compare two means. The differences between more than two means were evaluated with analysis of variance followed by Fisher's least significant difference test for multiple comparisons. Differences were considered significant at p 0.05.
Results
Imaging and Composition Analysis of CFPS-1
The purified CFPS-1 isolated from C. fluminea was a white powder, with a yield of 0.93% of the dry material after lyophilization. In our previous study, the high-performance size exclusion chromatography profile of CFPS-1 showed as a single peak, corresponding to a mean Mw of 283 kDa [2] . The composition and structure of CFPS-1 was further clarified in this study. As shown in Fig 1, the profiles of the CFPS-1 molecule in solution at different concentrations (1.0-100.0 μg/mL) were observed with AFM. Fig 1A clearly shows a fiber-like structure with small branches of the CFPS-1 molecule in the low-concentration solution (1 μg/mL). The length of the molecule was approximately 1100-1300 nm and the height was 42-46 nm. When the concentration was high (100 μg/mL), the CFPS-1 molecule formed a strong three-dimensional ball-like structure ( Fig 1B; 100 μg/mL). The total carbohydrate content of CFPS-1 was 82.3% when measured with the phenol-sulfuric acid method. Analysis of the monosaccharide components of CFPS-1 showed that it is mainly composed of mannose (Man) and glucose (Glc) in a molar ratio of 3.1:12.7. Galactose (Gal), fucose (Fuc), glucuronic acid (GlcUA), and glucosamine (GlcN) were also detected in minor amounts. The sulfate content of CFPS-1 is 2.2%, and a small amount of protein (10.8%) was also detected (Table 1 ). An amino acid analysis of the protein fraction of CFPS-1 is shown in Table 2 . Fifteen amino acids were detected in the polymer, and essential amino acids constituted 25% of the total amino acids. Glutamic acid ) were obtained from solid samples by KBr disc method using a Nicolet 5700 FT-IR spectrophotometer. FTIR spectra showed that CFPS-1 mainly contained three types of groups, namely hydroxyl group, amino group and sulfate group. was the main amino acid (40.9 mg/g), followed by serine (8.4 mg/g) and threonine (7.28 mg/ g). The results shown in Tables 1 and 2 indicate that CFPS-1 is probably a protein-bound polysaccharide.
UV and IR Spectra of CFPS-1
Absorption was observed at 280 nm on the UV spectrum of CFPS-1, suggesting the presence of protein in CFPS-1. The IR spectrum of CFPS-1 suggested that the main absorption bands in Fig 1C are . Purified CFPS-1 also displays α-glycosidic bonds at 854 cm -1 . All these findings suggest that the polysaccharide CFPS-1, containing α-glycosidic bonds, is a proteoheteroglycan.
Structural Data from Methylation Analysis
Methylated CFPS-1 was hydrolyzed to form alditol acetates and then analyzed with GC/MS. Table 3 
Structural Data from NMR
The analysis of the NMR spectra (1H NMR and 13C NMR) is supported by information derived from the literature, the constituent analysis, and the linkage patterns of the molecule ( Table 4) . The 1 H NMR spectrum of CFPS-1 is shown in Fig 2A. The chemical shifts at δ 4.89, δ 4.98, and δ 5.14 ppm imply that the sugar rings of CFPS-1 are α-type pyranose. The signal in the region δ 3.0-4.3 ppm is attributed to C2-C6 protons, and the characteristic signals in the regions δ 0.6-3.1 and δ 5.5-6.4 ppm correspond to amino groups and sulfated groups, respectively [27, 28] . In the 13 C NMR spectrum of CFPS-1 (Fig 2B) , the main α-Glc (1!6) residues are characterized by six obvious resonance signals in the regions δ 69-98 ppm for C1 (δ 97.63 ppm), C2 (δ 71.31 ppm), C3 (δ 73.27 ppm), C4 (δ 70.09 ppm), C5 (δ 69.45 ppm), and C6 (δ 65.46 ppm) [29] . However, the signals identified at δ 96-100 ppm could be attributable to C1 (δ 99.69 ppm), C2 (δ 71.28 ppm), C3 (δ 73.39 ppm), C4 (δ 76.60 ppm), and C5 (δ70.06 ppm) of α-Glc (1!4, 6) residues [30] . The sharp signals at δ 102.59, δ 70.04, and δ 71.28 ppm are attributable to C-1, C-2, and C-3 of the α-Man residues [31] . Based on these results, the monomeric CFPS-1 repeat unit is illustrated in Fig 2C .
Antiproliferation and Cytotoxicity Assays
The antiproliferative effects of CFPS-1 on both MCF-7 and MDA-MB-231 cells were determined with the method developed in our laboratory [20, 21] . As shown in Fig 3(A) and 3(C), CFPS-1 (!50 μg/mL) dose-and time-dependently inhibited the proliferation of both MCF-7 and MDA-MB-231 cells ( Figure A in S1 File) . However, the MCF-7 cells were more sensitive to CFPS-1 than the MDA-MB-231 cells. With 250 μg/mL CFPS-1, the proliferation of the MDA-MB-231 and MCF-7 cells was inhibited by 38% and 64%, respectively, after 72 h. The amount of CFPS-1 required to inhibit the proliferation of MDA-MB-231cells by 50% (IC 50 ) was 1142 ± 14.84 μg/mL, whereas CFPS-1 more effectively inhibited MCF-7 cell proliferation, with an IC 50 value of 243 ± 6.79 μg/mL. To further evaluate the antiproliferative and cytotoxic effects of CFPS-1 on human breast cancer MCF-7 and MDA-MB-231 cells, the dose of CFPS-1 was increased from 250 to 1500 μg/mL. At concentrations > 250 μg/mL, CFPS-1 also dosedependently inhibited MCF-7 and MDA-MB-231 cell proliferation. At the highest dose (1500 μg/mL), MCF-7 and MDA-MB-231 cell proliferation was inhibited by about 78.8% and 64.2%, respectively. CFPS-1 was not cytotoxic to the MCF-7 and MDA-MB-231 cell lines at 250 μg/mL, as shown in Fig 3(B) and 3(D) . Therefore, the low doses of CFPS-1 (from 50 to 250 μg/mL) were chosen for the subsequent experiments.
Effects of CFPS-1 on the Cell-cycle Distribution in MCF-7 and MDA-MB-231 Cells
The capacity of CFPS-1 to inhibit the progression of the cell cycle was evaluated with flow cytometry (Fig 4 and Figure B in S1 File). The sub-G1 cell fraction was considered to represent apoptotic cells. Fig 4A shows that CFPS-1 produced 1.7-, 4.3-, and 9.7-fold increases in the apoptosis of MCF-7 cells at concentrations of 50, 150, and 250 μg/mL, respectively, compared with that induced with 0 μg/mL CFPS-1 (Control). The effects of CFPS-1 treatment for 24 h on the MCF-7 cell-cycle phase distribution are also shown in Fig 4B. Compared with the control (17.8%), treatment with 50, 150, or 250 μg/mL CFPS-1 for 24 h increased the population To prove the increasing of S phase was not caused by the accelerated DNA synthesis, the effects of CFPS-1 on DNA synthesis was assessed by BrdU assay. The result shows that 50 μg/mL CFPS-1 decreased DNA synthesis compared with the control (0 μg/mL), and was much smaller than the effect of 100 μg/mL CFPS-1 (Figure C in S1 File). Fig 4B also shows that as the concentration of CFPS-1 increased, the sub-G1 apoptotic fraction of cells also increased significantly from 2.5% to 26.8%. Therefore, the induction of S-phase arrest and an increased sub-G1 apoptotic fraction may be the major mechanisms by which the growth of MCF-7 cells is inhibited. In contrast, in MDA-MB-231, with limited change of cells in G0/G1, S, and G2/M phase, CFPS-1 increases the proportion of cells in apoptotic sub-G1 phase (data not shown).
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CFPS-1 Induces Apoptosis of MCF-7 and MDA-MB-231 Cells In Vitro
To confirm that exposure to CFPS-1 causes the death of MCF-7 and MDA-MB-231 cells by apoptosis in vitro, a TUNEL assay was performed. MCF-7 and MDA-MB-231 cells were treated with different concentrations of CFPS-1 (0, 50, 150, or 250 μg/mL), and then stained with methyl green (Figure D in S1 File). As shown in Fig 4B and 4D , the percentage of apoptotic MCF-7 and MDA-MB-231 cells was counted under light microscopy (magnification, ×40). Treatment with CFPS-1 increased the apoptotic staining in a dose-dependent manner in MCF-7 cells (5.3 ± 2.1% in the control, 15 ± 3.4% in the 50 μg/mL group, 21 ± 5.2% in the 150 μg/mL group, 37 ± 7.8% in the 250 μg/mL group) and MDA-MB-231 cells (4.8 ± 0.4% in the control, 7.2 ± 1.4% in the 50 μg/mL group, 12.2 ± 2.2% in the 150 μg/mL group, 17.3 ± 0.8% in the 250 μg/mL group). These data corroborate the CFPS-1-induced sub-G1 apoptotic fractions determined with flow cytometry shown above. 
Mechanisms of Cell Cycle Arrest and Apoptosis after CFPS-1 Treatment
To clarify the mechanism of CFPS-1-induced cell-cycle arrest, the expression of p53, p21, Cdk4 and cyclin D1 were evaluated with western blotting, as shown in Fig 5. β-Actin was used as the internal control. The treatment of MCF-7 cells with CFPS-1 dose-dependently increased the levels of p53 and p21 (Fig 5B) . In contrast, cyclin D1 and Cdk4 levels were dose-dependently reduced (Fig 5B) . But in MDA-MB-231, no obvious accumulation and activation of p53 were observed (Fig 5F) . To assess the potential signaling pathways involved in CFPS-1-induced apoptosis; we evaluated the expression of the Bcl-2 family proteins. As shown in Fig  5C and 5G , treatment with CFPS-1 could up-regulated the expression of Bax but down-regulated the expression of Bcl-2, and both effects were dose-dependent. The Bax/Bcl-2 ratio increased approximately 2.43 and 2.27-fold at concentration of 250 μg/mL for MCF-7 and MDA-MB-231 cells, respectively, relative to that of the control. For evaluation of the executor Corbicula fluminea Proteoglycan Inhibits MCF-7 and MDA-MB-231 Human Breast Cancer Cells pathway of CFPS-1-induced apoptosis, caspase-7 and cleaved caspase-7 were also measured by western blot. Activation of caspase-7 was significantly increased in both MCF-7 and MDA-MB-231 cells after CFPS-1 treatment, resulting in increased expression of cleaved caspase-7 and decreased expression of caspase-7 (Fig 5D and 5H) .
Discussion
Breast cancer is widely recognized as the most common malignancy in women throughout the world [32, 33] . Natural polysaccharide compounds have attracted increasing interest as nontoxic chemopreventive agents capable of inducing tumor cell death in various cancer cell lines [10] . However, most of these polysaccharides have been isolated from plants or fungi and few have been derived from mollusks. In our previous study, two water-soluble polysaccharides (CFPS-2 and CFPS-1) were isolated and purified from C. fluminea, a freshwater bivalve mollusk. We also found that CFPS-2, a sulfated polysaccharide, with an average Mw of about 22 kDa, was shown to significantly inhibit the proliferation of several cancer cell lines in vitro [2] .
But few researches on CFPS-1 were reported because of its complex chemical structure. In this study, the chemical characteristics and inhibitory effects of CFPS-1 on human breast cancer cells were further assessed. This is the first study to show that the C. fluminea polysaccharide CFPS-1, a novel polysaccharide-protein complex, with an average Mw of about 283 kDa, significantly and dose-dependently inhibits the growth of human breast cancer MCF-7 and MDA-MB-231 cells in vitro. And the possible mechanisms were also demonstrated.
The suppression of oncogenesis often involves the regulation of signal transduction pathways, resulting in cell growth arrest and then apoptosis [34] . Cell-cycle progression is decelerated by cyclin-dependent kinases (CDKs) inhibitors (such as p27, p21, and p16) and p53, and accelerated by CDKs and cyclins. It is also well known that p53, which is closely associated with cancer inhibition, plays vital roles in a variety of intracellular and extracellular regulatory mechanisms, exerting its functions predominantly through the transcriptional activation of target proteins, such as Cdk 4, the Cdk inhibitor p21, and cyclin D1, to induce cell-cycle arrest, and the pro-apoptotic protein Bax to induce apoptosis [35] . The results of the present study suggest that CFPS-1 blocks the growth of MCF-7 cells by arresting them in the S phase of the cell cycle. Further analysis suggested that treating MCF-7 cells with CFPS-1 significantly upregulated the expression of p53 and p21 and down-regulated that of cyclin D1 and Cdk4. Therefore, p53 may be one of the upstream regulators of cell-cycle arrest in CFPS-1-treated MCF-7 cells. However, in MDA-MB-231 cells, p53 is in mutant form and was dysfunctional. Thus, no obvious accumulation and activation of p53 were observed. This result is in agreement with a previous investigation [36] .
Apoptosis, a process of programmed cell death, is triggered by a variety of physiological conditions. This type of cell death is regulated by many gene products that promote or block cell death at different stages. In addition to p53, there is mounting evidence that the ratios of pro-(Bax and Bid) and anti-apoptotic (Bcl-2 and Bcl-xL) Bcl-2 family proteins, including the Bcl-2/Bax ratio rather than Bcl-2 alone, are important in the regulation of apoptosis [37] [38] [39] . Moreover, caspases are a family of cysteine proteases that play a central role during the executional phase of apoptosis [40] . Our study demonstrates that treatment of MCF-7 and MDA-MB-231 cells with CFPS-1 significantly increases the expression of Bax and cleaved caspase-7 but reduces that of Bcl-2 and caspase-7, suggesting that CFPS-1 increase caspase activities through the ratios of pro-and anti-apoptotic Bcl-2 family proteins and these occurrences of mitochondrial apoptotic events play an important role in CFPS-1-mediated apoptosis.
The anticancer effects of polysaccharides are strongly related to their chemical structures. A previous study of human breast cancer showed that polysaccharides that contain β-glucan structures, such as β-1,3-glucan or β-1,6-glucan, have important anticancer activities [41] . However, some polysaccharides with different structures, such as α-glucan, also play important roles in the growth inhibition of several cancer cell lines [10] . As far as we know, there have been few reports of polysaccharides with structures similar to that of CFPS-1, a proteinbound polysaccharide mainly linked by α-configuration glycosidic bonds with a mean Mw of about 283 kDa, inducing both cell growth arrest and apoptosis in human breast tumor (MCF-7 and MDA-MB-231) cells. In the peptide moiety, fifteen amino acids in the CFPS-1 were also detected, and were consistent with a previous study showing that a peptide from Elysia rufescens, a marine gastropod mollusk, significantly in vitro and in vivo suppressed cellular proliferation in human breast tumor cell lines [42] . Therefore, this study provides novel insight into the structural basis of a protein-bound polysaccharide with anticancer effects in vitro and its mechanism.
The limitation of this study is that the data obtained here may not completely represent the in vivo situation. CFPS-1, which is known as a high molecule weight (283 kDa) polysaccharide, might not be applied intravenously and would be digested in the gastrointestinal tract after oral ingestion in animal model. So how did the orally ingested polysaccharide come into or contact with breast cancer cells, and be used for prevention or treatment of breast cancer in vivo? In previous studies, some of the functional domains in high molecular polymer can be absorbed through the intestinal tract and exhibit bioactivities [43] [44] . Therefore, investigation on CFPS-1 functional domains including the anti-cancer effect by oral administration of the CFPS-1 and animal studies in vivo is an area that still requires further research.
In conclusion, a novel protein-bound polysaccharide, designated CFPS-1, was isolated and purified from C. fluminea. The glycoprotein is mainly composed of mannose and glucose in a molar ratio of 3.1: 12.7, with a mean Mw of about 283 kDa. The glycosyl residues of CFPS-1 are mainly linked by α-configuration glycosidic bonds, and the repeating unit of the structure has been described above. Preliminary bioactivity tests conducted in vitro revealed that CFPS-1 effectively inhibits the growth of MCF-7 and MDA-MB-231 cells. In MCF-7 cells, CFPS-1 produced a significant up-regulation of p53, p21, Bax and cleaved caspase-7 but down-regulation of Cdk4, cyclin D1, Bcl-2 and caspase-7. These effects resulted in cell cycle blockade at the S-phase and apoptosis induction. In contrast, in MDA-MB-231, with limited degree of change in cell cycle distribution, CFPS-1 increases the proportion of cells in apoptotic sub-G1 phase executed by down-regulation of Bcl-2 and caspase-3 and up-regulation of Bax and cleaved caspase-3. These findings may aid in the understanding of the mode of tumor-inhibitory action of CFPS-1 and provide a theoretical basis for the prevention or treatment of human breast cancer with Corbicula fluminea polysaccharide extracts. Figures (A-D) . 
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